We investigated the HPV-16 DNA sequence in the CaSki cervical carcinoma cell line by electron microscopic hybridocytochemistry using biotinylated HPV-16/18 probes. At the light microscopic level, reaction product of hybridized HPV-16 DNA sequence was not seen in the cytoplasm but appeared as spots or rods randomly distributed in the nuclei. By electron miaoscopy, reaction product was seen aggregated in several regions in the nuclei. Most of the stained areas did not reveal particular architecture but showed part of the chromatin structure. In other nuclei, reaction product was observed to be associated with strings of loop-like structure, and some stained loops were seen to be connected directly ~~ to the nuclear f i i e n t o u s chromatin structure. The skeletonized images of hybridized HPV-16 DNA in the nuclei were illustrated by computerized image analysis. In conclusion, we have demonstrated the HPV-16 DNA sequence in the nuclei of CaSki cells by electron microscopy. The identitlcation of stained areas localized only in the chromatin suggests an integrated form of HPV-16 DNA sequence in the cells. This method could be used to identify an integrated or episomal form of viral DNA in the virus-containing cells.
Introduction
In situ nucleic acid hybridization [or in situ hybridization (ISH)] is a powerful tool for identification of viral DNA sequences, cellular RNA, and chromosomal mapping. Because of its high specificity and its growing number of applications, ISH is becoming increasingly important in diagnostic pathology (5). Using ISH, human papilloma virus Type 16 (HPV-16) DNA has been localized in human cervical carcinoma cell lines (such as the CaSki cell) (3, 4, (8) (9) (10) . However, none of these studies has demonstrated the site of the HPV-16 DNA sequence at the ultrastructural level. This is also true for ISH studies of HPV-16 in other cancer tissues. To observe the precise site of the viral DNA sequence in virus-infected cells, we have used the CaSki cell line as a model for the performance of electron microscopic hybridocytochemisuy. The reason for our choice of the CaSki cell line was that this cell line contains 500-600 copies of the HPV-16 DNA sequence in each cell. In addition, the viral DNA has been identified as an integrated form and has been localized in the chromosomes (8) .
Materials and Methods
Southern Blot Analysis. CaSki cells (AXC CRL 1550) were grown in Dulbecco's modified Eagle's medium containing 10% fetal calf serum in an incubator containing 10% CO2 at 37°C. For extraction of high molecular weight DNA, our previously published methods were used (1.7). A total of 3 x 10' cells were used in this experiment. The DNA was digested with EcoR1. After gel electrophoresis, the DNA was blotted on to the nitrocellulose filter and the latter was hybridized with a biotinylated HPV-16/18 probe (Enzo Diagnostics: New York, NY), and stained with avidin-biotin-peroxidase complex (ABC solution) (Vectastain kit; Vector Labs, Burlingame, CA) as described in the following section and peroxidase substrate, using IBI Enzygraphic Web (International Biotechnologies; Easunan Kodak, New Haven, CT). For comparison, plasmids containing the HPV-16 genome were applied to the gel as a positive control, and a DNA preparation from the Raji cell line was used as a negative control.
Electron Microscopy. The procedure for electron microscopy was performed according to the conventional method as published previously (7).
Cell Preparation for In Situ Nucleic Acid Hybridization. The procedure for cell fixation and hybridization was performed according to our previous method (6,7), with some modifications. The CaSki cells were cytospun (700 rpm, 10 min) on alcohol-acid-cleaned glass slides which had been pre-coated with 2 % 3-aminopropyl uiethoxysilane, fixed in 3% paraformaldehyde (F3) in Tris-buffered saline (TBS) [50 mM Tris-HC1. 0.15 M NaCl (pH 7.4)] for 60 min. and washed in TBS twice for 10 min. The cells were then immersed in absolute methanol containing 3% H202 (v/v) and 0.1% NaN3 for 10 min, for inactivation of endogenous peroxidase activity, dehydrated through a graded ethanol-distilled water series containing 50, 75. 85. 95 . and 100% ethanol. and then air-dried. For hybridization, 1 drop of HPV-16118 probe in hybridization buffer containing 50% (vlv) deionized formamidc, 10% (wlv) dextran sulfate. 3 x SSC (pH 7.0). 800 ~g l m l sonicated carrier DNA was applied to the air-dried cells on the slide. Theslide wascovered with acovcrslip, kept in a humid chamber, incubated at 90'C in a water bath for 5 min, and quick-chilled on ice. It was then transferred to another water bath and incubated at 37'C overnight. Cells were further immersed in TBS containing 50% deionized formamide and 0.5 x SSC (1 SSC = 0.15 M NaCl + 0.015 M trisodium citrate) for 10 min at room temperature (RT). washed in TBS for 10 min twice, refixed in 2.5% glutaraldehyde in TBS for 3 min. washed in TBS for 10 min. incubated with ABC solution for 30 min at RT. washed in TBS containing 0.1% Tween-20 three times for 10 min. immersed in 0.05 M Tris-HCI buffer containing 0.05% 3.3'-diaminobcnzidinc-4HCI (DAB solution) for 5 min. and incubated in DAB solution plus 0.01% H202 and 0.1 M imidazole for 10 min at RT. This was followed by a wash in TBS containing 0.01% Tween-20. post-fixation in 0.5% os04 for 30 sec, another wash, and counterstaining with hematoxylin. After dehydration. the cells were mounted with Permount and observed by light microscopy. Different fixation times, such as 15 min. 30 min. 4 hr. and 24 hr were also tested to determine the optimal conditions. Cell Prepamtion for Electron Microscopic Hybridocytochemistry. After being removed from the petri dish, the CaSki cells were rinsed with 0.1 M phosphate buffer, pH 7.4. containing 8.5% sucrose and 0.002% CaClz (PBSC). fixed in 4% paraformaldehyde and 0.1% glutaraldehyde mixture (F4Go.l) in PBSC for 30 min. washed in PBSC twice for 10 min. immersed in PBSC containing 3% Hz02, 0.1% NaN3. and 0.1% Triton X-100 for 15 min, rinsed in PBSC, incubated in hybridization buffer containing HPV-16/18 biotinylated probe at 90'C for 8 minas mentioned above, chilled in ice for 4 min. incubated at 37'C overnight, immersed in PBSC containing 50% formamidc and 0.5 x SSC for 10 min. and r d i e d in 2.5% glutaraldehyde in PBSC for 10 min. They were then washed in PBSC twice for 10 min, incubated in ABC solution and then with peroxidase substrate. The cells were post-fixed in 1% o s 0 4 for 1 hr, rinsed three times in distilled H20. prc-stained in 501 methanol containing saturated uranyl acetate for 15 min, dehydrated in graded ethanol-distilled water from 50.75. 90. 95 to 100%. and embedded in Spurr's medium according to the conventional electron microscopic procedures (7). Thin sections were observed under the electron microscope without or with further staining with lead citrate.
For negative control experiments. all the procedures were the same as above except that the specific probe was either omitted or replaced by biotinylated HPV-6/11. Image Analysis. The images taken by electron microscopy were digitized by a Hamamatsu C2400 camera coupled to a Silicon Graphics IRIS computer with a frame grabber board (IP-512; Imaging Technology, Inc). To enhance the contrast, the histograms of the image were stretched, taking the square root of each pixel value of the images. To reveal the distribution of hybridized HPV-16 DNA in the nuclei. the point-transformed images were pseudocolor-encoded to represent different intensity levels. To analyze detailed distribution of the hybridized DNA in the nuclei, the images were first made binary by the thresholding method and then skeletonized by thinning the binary images (2).
Results

Southern Blot Analysis
When the CaSki cell DNA was hybridized with the biotinylated HPV-16/18 probe, one visible band of 6.6 KB was identified. Simi- in CaSki cells by in situ nucleic acid hybridization (A$) Cells were fixed in 3% paraformaldehyde for 15 min; (E) Cells were fixed in 4% paraformaldehyde plus 0.1% glutaraldehyde for 30 min. A and E were hybridized with biotinylated HW-16/18 probe and C with biotinylated HW-6/11 probe. (A) Several punctate spots of reaction product can be identified in most of the CaSki cells (arrowheads), but their morphology is poor. (E) Fewer punctate spots are seen in each CaSki cell, but the morphology of each cell is better preserved. larly, the control HPV-16 genome also revealed one band, whereas the Raji cell DNA showed no signal (data not shown).
Hy bridocy tochemistry
When the CaSki cells were fixed in 3% paraformaldehyde for 15 min and hybridized with the probe, the morphology of the cells was not well preserved but a large amount ofspotted reaction product was seen randomly distributed in the nuclei of most cells. No spots were found in the cytoplasm ( Figure 1A) . Some cells also contained rodor thread-like reaction product (Figure 1A, arrowheads) in their nuclei. When cells were fixed in F3 for 4 hr, the cell morphology was much better but the number and size of the spotted reaction products were slightly decreased. The results of the hybridization reaction product were similar in cells fixed in F3 for 16.24,or 48 hr (data not shown) or in F4Go.l for 30 min ( Figure  1B) . When biotinylated HPV-16/18 probe was omitted, no reaction product was found (data not shown). When biotinylated HPV-16/18 probe was replaced by biotinylated HPV-6/11, again no reaction product was seen (Figure IC) .
Electron Microscopy of CaSki Cells
The cytoplasm of CaSki cells showed some normal Golgi apparatus and mitochondria, rich in polysomes but with less rough ER (Figure 2 ). Some cells contained more autophagosomes than others. Their nuclei showed one to several nucleoli, with some heterochromatin along the nuclear envelope and euchromatin either at the peripheral area or in the central region (Figure 2) . No viral particles could be identified in either the cytoplasm or the nuclei.
Electron Microscopic Hybridocy tochemistry
When the CaSki cells were fixed with F3 for 15 min. the cytoplasm of each cell was severely deteriorated, while reaction product of biotinylated HPV-16 probe was shown in the better preserved nucleus of each cell (data not shown). When the cells were fixed in F4GO.l for 20 min, the EM morphology was markedly improved and areas of reaction product were identified only in the nucleus but not in the cytoplasm (Figure 3, no counterstaining; Figures 4 and 5 , counterstained with lead citrate). At higher magnification, electrondense reaction product was seen to be associated with small or large loop-like structures ( Figures 3B and 5 , small or large arrows) or linear chromatin structures ( Figures 3B and 5, arrowheads) .
In the negative control section, no reaction product was seen in the CaSki nuclei (data not shown).
Image Analysis
The processed images of the CaSki cells clearly showed hybridized DNA strands. The extent of hybridization is represented by colors, with cold-tone colon designating lower or no hybridized DNA and warm-tone colors designating extensive hybridization ( Figure 6 ). Owing to the resolution of the electron microscopic images, the detailed structure of the DNA strand could not be seen; however, the skeletal images clearly showed the morphology and spatial distribution of DNA strands in CaSki cells. The hybridized DNA was grouped and localized in several different regions in the cell nuclei. Since the images were taken in the thin section of the sample, some portions of the DNA strands were inevitably cut away. There were some small or broken fragments around the major hybridized DNA group with intensities clearly above background; these may be hybridized DNA fragments that were contained in the thin section of the sample (Figure 6 ).
Discussion
In the present experiment we used commercially available biotinylated HPV-16/18 probe to localize HPV-16 in one of the cervical carcinoma cell lines (CaSki cells) at the electron microscopic level. To be sure that the biotinylated probe could be used for this purpose, we first used Southern blot analysis to check the probe. Results from this study indicated that this probe can hybridize with the HPV-16 and that the labeled biotin can be used as the marker for the probe. Since CaSki cells contain only HPV-16 but not , the mixture of HPV-16/18 probe could be used to detect HPV-16 in the CaSki cells.
When the biotinylated HPV-16/18 probe was used to hybridize with CaSki cells, by light microscopy, a punctate distribution of reaction product of HPV-16 was seen randomly distributed in the nuclei of each cell, a picture similar to the previous reports (3) (4) (5) 9, 10) . However, the intensity and amount of the spotted reaction product in each cell were different when the cells were fixed in F3 for 15 min and in F4Go.l for 30 min (Figures 1A and 1B) . The reason for this difference is probably due to the stronger fixative and the longer fixation time, which may cause cross-linking of nuclear protein surrounding the HPV-16 DNA sequence and thus may prevent the access of the probe to the complementary viral DNA sequence.
Previously, we have treated the cells with pre-hybridization buffer first and then have heated the cells and the probe separately at 90°C for 5 min and chilled them immediately at 4'C, followed by incubation of cells with the probe in hybridization buffer at 37'C. The result from that procedure was identical to the findings using the present method, as described in Materials and Methods. Having had this data, we performed the pre-embedding in situ hybridization technique to observe the precise site of the hybridized DNA sequence by electron microscopy. For comparison, we also prepared the conventional electron microscopic morphology of the CaSki cell line (Figure 2 ), which showed no identifiable viral particles in both the nucleus and cytoplasm.
Since the HPV-16 DNA sequence has been found in about 500-600 copies per CaSki cell and has been identified as an in- tegrated form randomly inserted into several chromosomes (3-5, [8] [9] [10] in each cell, as mentioned in the Introduction, our electron microscopic finding of several stained regions in each nucleus might be expected. Because the stained loops connect directly to the nuclear filamentous chromatin structure (Figures 3B and 5 , arrowheads) , it is possible that those loops may be the loops of the viral DNA sequence, and that they are probably connected to the cellular DNA sequence. This result was further strengthened by computerized image analysis showing that the skeletal image of the hybridized viral DNA strands was clearly identified in CaSki nuclei. This finding is also in accordance with molecular and biochemical studies demonstrating that CaSki cells contain the integrated form of the HPV-16 DNA sequence in their genomic DNA (3,4,8-10) .
This observation strongly suggests that by using electron microscopic hybridocytochemistry it is possible to identify the integrated form of viral DNA sequence in the virus-containing cells.
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